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1. INTRODUCTION 
Early civilisations built drainage systems in urban areas to handle storm runoff. The Romans, in 
particular, constructed elaborate systems that drained also the wastewaters from the public baths. A 
remarkable sewer system was the Cloaca Maxima (1) in Rome (Fig. 1). Originally an open channel 
constructed in the 6th century BC, the stone channel was enclosed during the 3rd century BC with a 
semicircular vault (Platner and Ashby 1929, Hodge 1992, Viollet 2000,2007). Its primary function 
was to carry off storm waters from the Forum district to the Tiber River, but large public baths and 
latrines were connected to it in later times. The original masonry was later replaced by concrete. 
 
 
Figure 1 - The mouth of the section of the Cloaca Maxima across from S. Giorgio in Velabro, 
Rome (Italy) (Courtesy of William P. Thayer) 
 
                                                 
1 In Latin, cloaca means sewer. 
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(A) Combined sewer in Nantes (Courtesy of LCPC) 
(B) Pont de l'Alma, Paris (France) (Courtesy of Thomas Zundel) 
Figure 2 - Large sewer channels in Nantes and Paris (France) 
 
Until the 19th century, the living conditions in urban areas of western countries were horrific: e.g., 
the cholera epidemic killed 18,000 people in 1832 in Paris (France). Epidemics of typhoid and 
cholera, in particular, spurred interests for pure drinking water and sanitation. Reforms saw the 
constructions of sewer systems in major cities, like Paris, London and in North-America during the 
1850s to 1900s, and later the generalisation of sewer systems in smaller cities and towns (Chocat 
1996). The first sewers were designed to carry all the waste waters away from the urban areas. It 
was the "all to the sewer" ('tout à l'égout') era and the sewers were combined (Fig. 2 and 3). 
In the mid 20th century, the limitations of the combined sewer system emerged with the rapid 
urbanisation, the increasing water consumption and the construction of wastewater treatment plants. 
From then, the dual systems were promoted with a separate rainwater drainage sewer. In a dual 
system, the foul drainage waters are carried to the treatment plants, while the surface water drainage 
waters are transported directly to the receiving water bodies. Nowadays, urban sanitary systems are 
a combination of combined sewer systems and dual systems, reflecting the history of each city. 
New sections of the network are dual systems, but they are often connected to older combined 
sections (e.g. Fig. 3A). Figure 3A shows small circular foul pipe and a bigger circular rain pipe 
flowing into a combined channel. Depending on the flow rate, age of the pipe, local context, sewer 
channels are made of PVC (especially popular for sizes less than 0.3 m in diameter), cast iron, clay, 
or concrete. Stones channels still exist in some places (Fig. 3B). Figures 2 and 3 present some 
relatively large sewer channels. Figure 3 show some combined sewer system sections in Nantes. 
Most sewers operate as free-surface flows (Fig. 3) and the water level rises and falls in response to 
perturbations to the flow (Fig. 4). Figure 4 presents a one month record of water level, flow velocity 
and discharge in a combined sewer channel, highlighting the large fluctuations in flow rates, even 
on a hourly and daily basis, with some rainfall events on 6, 8, 15, 16 and 17 June 2001.  
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(A) Small channel junction (Courtesy of LCPC) 
(B) Stone channel in the oldest part of Nantes sewer network (Courtesy of LCPC) 
 
   
(C) Large channel junction (Courtesy of LCPC) 
(D) Access manhole at the Jardin des Plantes section 
Figure 3 - Combined sewer channels in Nantes (France) 
 
The primary role of sewers is to carry the wastewaters, or sewage, to a treatment plant. Domestic 
sewage contains typically 98% water and 2% solids, although the exact proportions may vary. 
Sewage treatment entails the removal of organic matter, usually accomplished in two stages. In the 
primary stage, sewage is treated to remove large debris and heavy or large particles. The secondary 
treatment of sewage purifies the wastewaters to produce an effluent clean enough for discharge 
(Fig. 5). Sludge from both primary and secondary treatments is collected from the various stages, 
and dumped at sea, buried in sanitary landfills or re-used for road materials (Fig. 5B). 
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Figure 4 - Water level, flow velocity and discharge measurements in a combined sewer (Data: 
Larrarte 2006) - Sewer section Cordon Bleu, Nantes (France), sampling every 5 minutes 
 
   
(A) Aeration tank (Courtesy of LCPC) 
(B) Dry sewage sludges with a solid content about 20% in weight (Courtesy of Bill Clarke) 
Figure 5 - Sewage treatment 
 
2. ECONOMICAL CONSIDERATIONS 
In France alone, 23.6 millions of dwellings are connected to 373,300 km of conduits (Data: Institut 
Français de l'Environnement 2008). The construction costs of the wastewater networks alone are 
estimated at 4.5 billions of Euros (2) (Data: Institut Français de l'Environnement 2008). A major 
                                                 
2 in 2005 Euros. 
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challenge is the sedimentation of the sewage systems (Aflak et al. 2007) despite the European norm 
NF EN 14654-1 on management and maintenance highlighting the notions of performances of 
sewage networks. The same European norm NF EN 14654-1 states explicitly the critical impact of 
sedimentation.  
Sediment deposits represent a huge amount of materials. For example, Nantes, a urban area of 
500,000 inhabitants, has two main treatment plants and a 2,000 km long sewer network. Each year 
134 km of sewer sections are cleaned regularly and 2,000 tons of sediments are removed, 
representing 8,000 hours of work (Fig. 6) (Riochet 2008). The quantification of solids settled during 
dry weather conditions represents a major environmental concern since the erosion of dry weather 
sediment deposits represents typically 30 to 40% of urban waste-waters outputs during dry weather 
conditions, and even up to 80% in some cases like the Marais sector in Paris (Ashley et al., 2004) 
(Fig. 7). While there is a broad consensus on the needs to reduce the pollutant outputs in all 
systems, Ashley et al. (2003) highlighted the limitations in the current expertise in sewer sediment 
processes, in particular in the interfacial zone between deposit and suspended load. 
 
   
(A) Technical staff curing a large sewer channel section with a flood gate (looking at the upstream 
side) (Courtesy of LCPC) 
(B) Downstream side of the flood gate (Courtesy of LCPC) 
Figure 6 - Sedimentation in a combined sewer (Nantes, France) 
 
3. SEWER HYDRODYNAMICS AND SEDIMENTS 
Most large sewer channels operate as free-surface flows (Fig. 3 and 7). In these open channel flows, 
the free surface rises and falls in response to changes in discharges, channel slope and width (Fig. 
4). The driving force of the flow motion is primarily gravity (e.g. sloping channel), sometimes in 
combination with pressure (e.g. in an inverted siphon). For a given flow rate, the primary unknowns 
are the location of the free surface (or flow depth) which is not known beforehand and the flow 
velocity. 
The fundamental principles of hydraulic engineering are the equations of continuity or conservation 
of mass, of momentum or conservation of momentum, and conservation of energy (Henderson 
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1966, Chanson 1999, Hager 1999). Another equation is the Bernoulli equation which may be 
derived from the differential form of the momentum principle (Liggett 1993, Chanson 1999,2006). 
Open channel hydraulics is possibly the most complicated field in fluid mechanics. For a given flow 
rate, there is an infinity of solutions depending upon the bed slope, boundary friction and channel 
cross-sectional shape. Further the three-dimensional turbulent flow motion is complicated, in 
particular in non-rectangular channels (e.g. Montes 1998, Bonakdari et al. 2008). 
But even so, traditional clear-water hydraulics cannot predict the cross-sectional changes of sewer 
channels caused by the sediment transport processes (deposition, blockage, erosion) (Fig. 6). Figure 
6 illustrates the removal of large amount of sediment deposits in a combined sewer channel. It is 
now recognised that sediment motion is characterised by strong interactive processes between water 
runoff, sediment erosion resistance, topography of the channel, and stream discharge. In sewers, 
sediments include a wide range of particle sizes ranging from tens of microns to tens of centimetres 
(Tait 2008). The particles can be inorganic or organic in nature, and their chemical and biological 
features present significant variations. Sewage sludge and wastewater treatment residues exhibit 
non-Newtonian characteristics, including thixotropy (3) (Coussot 1997, Tabuteau et al. 2004). Such 
non-Newtonian behaviour is very rarely accounted for in open channel hydraulic calculations and 
numerical modelling, although sediment mass flux predictions are intricately linked with the 
sediment sludge properties, including yield stress, apparent viscosity and degree of jamming. In 
open channels including sewers, numerous failures resulted from the inability of engineers to 
predict sediment motion and mass fluxes despite recent advances. Riochet (2008) presents some 
superb illustrations of the practical issues facing the operators. 
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(A) Sediment sampling from the invert of a combined sewer (Courtesy of LCPC) 
(B) Combined sewer overflow and the channel going to the receiving waters (Courtesy of LCPC) 
Figure 7 - Operational details of sewer systems 
                                                 
3 Thixotropy is the characteristic of a fluid to form a gelled structure over time when it is not 
subjected to shearing and to liquefy when agitated. 
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In sewer management, the predictions of the mass fluxes remain challenging (Lipeme Kouyi et al. 
2008, Tait 2008). The calculations need to be validated and checked with field measurements of 
both water discharges and sediment fluxes despite the limitations of instrumentation and the limited 
accuracy (Aumond and Mabilais 2008, Chanson 2008, Larrarte and Cottineau 2008). 
 
4. STRUCTURE OF THE PROCEEDINGS 
This series of peer-reviewed proceedings papers starts with a presentation on sedimentation in large 
combined sewage systems and the perspectives of an operator (Riochet 2008). It is followed by a 
series of three papers on field measurements, instrumentation development and applications 
(Larrarte and Cottineau 2008, Aumond and Mabilais 2008, Chanson 2008). The last contributions 
deal with sediment management issues (Tait 2008, Lipeme Kouyi et al. 2008). 
A key feature of all these contributions is the practical knowledge gained in the last ten to fifteen 
years, and a particular effort was made by all contributors to share both positive and negative 
experiences. All the authors are active professionals and researchers involved in the field. Their 
experience and expertise regroup a broad range of relevant topics, including operational issues, 
sediments and turbidity, and flow measurements. Lastly the proceedings were prepared and edited 
after the International Meeting on Measurements and Hydraulics of Sewers (IMMHS'08, 19-21 
August 2008), allowing each contributor to benefit from the presentations, exchanges and field 
measurement experience during the event. 
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